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ABSTRACT 

A highly developed Bragg resonance phenomenon was observed in measurements of 
vertically polarized L-band radar backscatter recorded from the surface of a small inland 
fresh-water reservoir in central Massachusetts. These measurements were obtained with Lin- 
coln Laboratory's LCE (L-band Clutter Experiment) radar sited on Wachusett Mt. from which 
the reservoir surface was visible at 4-km range and at 4° depression angle, on a day of light 
winds with the radar looking obliquely downwind. The highly developed Bragg resonance in 
the backscatter from the reservoir surface caused strong Bragg spikes to exist in the clutter 
Doppler spectrum from the reservoir at low (viz., +3.4 and -3.8 Hz) but nonzero-Doppler fre- 
quencies. The sharp narrow first-order Bragg spikes rose 20 to 25 dB above adjacent spectral 
levels in the clutter spectra from the reservoir surface. The maximum amplitude of the domi- 
nant Bragg spike at -3.8 Hz was 40 to 45 dB stronger than tree clutter at -3.8 Hz in nearby 
spatial cells and only 10 dB weaker than the peak zero-Doppler tree clutter in the same nearby 
cells. This strong Bragg resonance at vertical polarization was persistent in time (15 min) and 
space (all seven range gates for which the reservoir surface was visible to the radar) through- 
out the course of measurements on the light-winds measurement day. Spectral results are pre- 
sented for both cross-polarized and both copolarized combinations of linear polarization. 
Bragg spikes were observed to exist across this polarization matrix of measurements, although 
at horizontal polarization the overall backscatter from the reservoir surface, including the 
Bragg resonant component, was much weaker than at vertical polarization. On a second mea- 
surement day of stronger winds and changed wind direction (such that the radar was looking 
upwind), significant Bragg resonance still existed in the backscatter from the reservoir surface 
but was weaker than on the light-winds day. Strong Bragg spikes at low but nonzero-Doppler 
frequencies from small inland bodies of water might potentially cause false alarms for moving 
target indicator or other Doppler signal processing techniques designed for target detection in 
ground clutter. 
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1.    INTRODUCTION 

A highly developed Bragg resonance phenomenon has been observed in the vertically polarized 
L-band backscatter measured by Lincoln Laboratory's LCE (L-band Clutter Experiment) radar from the sur- 
face of an inland fresh-water reservoir. The radar was sited on top of Wachusett Mt. in central Massachu- 
setts, approximately 1000 ft above the surrounding hilly forested terrain (see Figure 1). The backscatter was 
measured from Mare Meadow Reservoir, situated 3.97 km west (viz., Az = 294°) of the radar at a grazing 
angle of 3.98°. Mare Meadow Reservoir is approximately 2 km long (north-south) by 0.6 km across 
(east-west) at its broadest point. Figure 2 is a photograph of Mare Meadow Reservoir taken from the west 
shore looking east across the reservoir to Wachusett Mt. in the background. The first set of measurements 
occurred on 5 September 1991 under conditions of light winds from the east. A second set of measurements 
occurred on 11 September 1991 under conditions of stronger winds from the west. Strong Bragg spikes in 
clutter power spectra from small inland bodies of water at low but nonzero-Doppler velocities make these 
results interesting from multidisciplinary points of view, for example, in contexts of (a) the total clutter en- 
vironment over land, (b) remote sensing, and (c) sea clutter. 

^fiiiillliP1'''' 

Figure 1. The LCE radar on Wachusett Mt. 



Figure 2.  View from the west shore across Mare Meadow Reservoir east to Wachusett Mt. in the distance. 

Bragg resonance occurs from successive water waves spaced such that cophased contributions occur 
in the backscattered radar waves. The fundamental resonance occurs when the water waves are spaced at 
one-half the radar wavelength (one-half because a two-way radar transmission path is involved). The Dop- 
pler shift of the first or fundamental Bragg resonance is given by: 

A = ± 
gcos8 

(1) 

where g is the acceleration due to earth's gravity (g = 9.807 m/s2), X is the radar wavelength, and 9 is the 
grazing angle [1]. Higher-order resonances can also occur in which secondary peaks appear to either side 
of the first-order spikes in sea clutter Doppler spectra [2]. The positions and amplitudes of the secondary 
peaks vary with water wave amplitude and direction [3]. Bragg scattering in sea clutter has been a subject 
of interest both at high (HF) and microwave frequencies. At HF, sharp Bragg resonances often occur in a 
highly developed way and can provide information about remote sea currents and waves [3]. At micro- 



wave frequencies, Bragg resonances are often (but not always) obscured by advective motion of 
large-scale ocean swell [4]. Nevertheless, the development of theories to explain microwave sea return has 
been based on Bragg-scattering ideas that have received strong support from wave tank studies in which 
sharp Bragg resonances have been routinely observed from wind-generated waves [4,5]. Useful introduc- 
tions to the literature on Bragg scattering in sea clutter are provided in Long [1] and Tucker [2]. 

The main purpose of the LCE radar was to measure and characterize spectral spreading due to intrin- 
sic motion of windblown vegetation in radar ground clutter. However, one of the three measurement radials 
selected at Wachusett Mt., primarily for recording backscatter from windblown trees, was also secondarily 
selected because it provided LCE visibility to the surface of Mare Meadow Reservoir. The principal subject 
of this report is the Bragg resonance observed in the backscatter from the reservoir surface. Several exam- 
ples of clutter spectra from windblown trees are also included and compared with Bragg resonant water clut- 
ter spectra. The main LCE findings concerning the general characterization of Doppler spreading in clutter 
returns from windblown vegetation are presented elsewhere [6,7]. 



2.    LCE RADAR INSTRUMENTATION 

The LCE radar was a major L-band-only upgrade of the Lincoln Laboratory Phase One five-frequen- 
cy ground clutter measurement radar [8,9]. A primary design objective of the LCE radar was to achieve low 
phase noise such that the low-frequency Doppler components of windblown clutter could be measured to 
levels ~ 80 dB below the dc or stationary component of the clutter at zero-Doppler. This objective was met 
by using a combination of low phase-noise local oscillators (viz., Hewlett-Packard models 8662A and 
8663A) locked to a common source, a low phase-noise transmitter, and system clocks with low jitter. The 
transmitter used two planar triodes (viz., Eimac Y-793F) in a grounded-grid amplifier configuration provid- 
ing inherently low noise sensitivity [10]. 

A number of important system parameters of the LCE radar are shown in Table 1. The radar receiver 
achieved high dynamic range through careful gain distribution and proper choice of mixers and amplifiers, 
with particular attention paid to maintaining overall system linearity. The two channels of the in-phase and 
quadrature (I/Q) detector, which operated at a receiver IF of 3 GHz, were balanced to within approximately 
0.1 dB in amplitude and 1 degree of phase. This balance provided approximately 40 dB of image rejection. 
The receiver I/Q outputs were digitized by 14-bit analog-to-digital (A/D) converters chosen for their linear- 
ity and speed (i.e., maximum clock speed = 10 MHz). The dc bias was temperature-regulated to approxi- 
mately 100-^iV variation (i.e., to less than the least-significant bit of the A/D converter). The radar receiver, 
exciter, and control system were fabricated by System Planning Corporation, Arlington, Virginia, based on 
the design of their Mark IV instrumentation radar for measuring radar cross section (RCS). The data record- 
ing system was fabricated by Echotek Corporation of Huntsville, Alabama. 

LCE clutter data were acquired with a stationary antenna over 70-s data recording intervals called ex- 
periments. All the experiment results shown in this report were obtained utilizing the following parameters: 
1230-MHz radar frequency, 500-Hz pulse repetition frequency (PRF), 1-fJ.s pulsewidth, 2-MHz sampling 
(i.e., 75-m range gate spacing), 70 s of data recording (35,000 pulses), 80 samples per pulse repetition in- 
terval (PRI) (i.e., 80 range gates total), and 6-km total range swath (e.g., 2.8 to 8.8 km). Clutter experiments 
were usually taken in groups of six covering the various LCE polarization combinations. These six standard 
sequential experiments were HH, VV, HV, VH, HH, VV (i.e., HH and VV were repeated). HV means trans- 
mit horizontal polarization, receive vertical polarization, and so on. 

All the clutter power spectra shown in this report were computed directly as fast Fourier transforms 
(FFTs) of the sampled temporal pulse-by-pulse return, including the dc component. The spectral power den- 
sity is displayed in decibels of received power with respect to 1 W (dBW) per Doppler velocity resolution 
cell Av at the LCE antenna terminal versus Doppler velocity v in meters per second (m/s) on linear and/or 
log velocity scales. In LCE data reduction, each temporal record of 30,720 pulses (first 61.44 s of each 70-s 
experiment) was divided into contiguous groups of 5120 samples, a 1024-point complex FFT was generated 
for each group by utilizing every fifth pulse, and the amplitudes of the resultant set of FFTs were arithmet- 
ically averaged together in each Doppler cell to provide the spectrum illustrated. Thus each LCE spectrum 
shown is the result of averaging 6 individual spectra (each from a 1024-point FFT) from an overall record 
of 1.024-min duration, utilizing an effective 10-ms PRI and an effective 100-Hz PRF. The duration of tem- 
poral backscatter data processed for each FFT was 10.24 s. In generating each LCE spectrum, a 4-Term 
Blackman-Harris window function was utilized with highest sidelobe level at -92 dB [11]. The Doppler ve- 
locity resolution cell Av is wider than the sampling interval by a factor equal to the equivalent noise band- 
width (ENBW) of the window function. Thus Av = (A/2) • (PRF/1024) • ENBW. For the 4-Term 
Blackman-Harris window utilized here with 1024-point processing, ENBW = 2.004 [11] 



TABLE 1 
LCE Radar System Parameters 

Parameter Specification 

Frequency 1230 MHz 

Tower height 50 ft 

Pedestal ±15°Elover±180°Az 

Antenna 

Type Offset fed parabolic section 

Gain 31 dBi 

Beamwidth 3°EI;6°Az 

Peak sidelobes -17-dbEI;-22-dBAz 

Polarization HH, VV, HV, VH (switch selectable) 

Peak power 8kW 

PRF 500 Hz 

Pulsewidth 1 fJS 

Waveform Uncoded CW pulse 

Phase noise -80 dBc at frequencies > 50 Hz in a 
10-Hz bandwidth 

Spurious signals Power line related spurs -72 dBc or 
lower 

Receiver noise figure 2 dB 

A/D converter 

No. of bits 14 

Sampling rate 2 MHz 

l/Q balance Supports -40-db image rejection 

Data recording 

No. of samples 80/PRI 

Sampling rate 2 MHz 



Doppler frequency fd in Hertz and radial Doppier velocity v in meters per second are fundamentally 
related as/d = 2v/A, where A is radar wavelength in meters. Because of this fundamental linear relationship 
between Doppler frequency and scatterer radial velocity, the Doppler frequency extent of measured clutter 
spectra from windblown vegetation usually scales approximately linearly with radar frequency, whereas the 
Doppler velocity extent from windblown vegetation remains largely invariant with radar frequency [6,7]. 
Plotting measured clutter spectra from windblown vegetation utilizing a Doppler velocity abscissa as op- 
posed to the more commonly used Doppler frequency abscissa allows direct comparison of spectral shape 
and extent at different radar frequencies with the linear scaling factor normalized out. Note that whereas 
fundamentally, fd varies as A-1, Equation (1) indicates that the Doppler shift of Bragg resonance varies as 
A"05. As a result, the positions of the Bragg resonant lines in inland water Doppler velocity clutter spectra 
(as opposed to frequency spectra) are not invariant with radar frequency but vary as A+a5. Although the Dop- 
pler velocity interval of tree spectra is itself largely invariant with radar frequency, the relative position (i.e., 
Doppler velocity shift) of the inland water Bragg spike within this interval varies inversely with the square 
root of the radar frequency. 

There were two LCE clutter measurement sites. The first was Wachusett Mt., where backscatter data 
were recorded from a dense tree canopy typical of the eastern mixed forest. The second was a Nevada site 
where backscatter data were recorded from sparse scrub vegetation typical of the western desert. Figure 3 
shows two LCE-measured clutter spectra, one from each measurement site, which are among the narrowest 
and widest of all those examined. The narrow spectrum in Figure 3(a) is from a desert cell at the Nevada 
site. For this measurement, the wind conditions were very calm, resulting in no discernible motion of the 
sparse desert scrub vegetation on the desert floor within the measurement cell. As a result, this spectrum 
essentially contains only dc power from the stationary desert floor. This dc spectral component at zero-Dop- 
pler velocity is very narrow. In fact, its width is just the limit of spectral resolution provided by the Black- 
man-Harris window function as used here in 1024-point FFT processing of 10.24 s temporal data records. 
The zero-Doppler return maintains this limiting window function resolution over the full 80 dB of spectral 
dynamic range shown in Figure 3(a). The window function sidelobes occur below the system noise level of 
-80 dB. System stability is such that no internally caused spectral contaminants occur outside the steady 
signal frequency characteristic of the window function down to the system noise level. Eighty decibels of 
spectral dynamic range for making clutter measurements is much greater than was previously available in 
most earlier measurements of ground clutter spectra [12-14]. 

The wide spectrum in Figure 3(b) is from a forested cell at the Wachusett Mt. site under windy con- 
ditions (15 to 20 mph). The rate of decay of spectral power in this spectrum with increasing Doppler velocity 
is very nearly exponential, as indicated by the good fit of the data to the straight line drawn through the right 
side of the spectrum. The maximum spectral extent in Figure 3(b) is = 3 m/s at a spectral power level 67 dB 
below the maximum power level in the spectrum. Occasional earlier reports2 of spectral extent from wind- 
blown trees to much greater Doppler velocities than ~ 3 m/s have never been corroborated by any results 
from the extensive Lincoln Laboratory data base of LCE and Phase One windblown clutter spectral mea- 
surements. The general findings from this data base concerning spectral shape and extent from windblown 
vegetation are much more completely discussed elsewhere [6,7]. 

^illingsley [7] reviews many early measurements of ground clutter spectra. 

2For example, Simkins et al. [14] report maximum measured spectral extent of 5.8 m/s at a spectral power level 
40 dB down from the peak zero-Doppler level, for heavily wooded valleys under 10- to 20-kn winds. These results 
were subsequently modeled as an n = 3 power law that was extrapolated to a Doppler velocity of 30 m/s, 60 dB down. 
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Figure 3. Narrowest and widest LCE-measured clutter spectra, (a) Nevada desert vegetation, still air, range gate 33 
(4.4 km), HH-pol, 9 December 1991; (b) Massachusetts forest vegetation, windy, range gate 53 (7.9 km), W-pol., 11 
September 1991. 



3.   LCE-MEASURED BRAGG RESONANCE RESULTS 

3.1    LIGHT WIND CONDITIONS 

Figure 4 shows a clutter spectrum measured by the LCE radar from the surface of Mare Meadow Res- 
ervoir on 5 September 1991. Polarization is VV, for which water returns are strongest. Figure 4(a) shows 
the spectrum on a linear Doppler velocity *-axis. Figures 4(b) and 4(c) show the right and left sides of the 
spectrum, respectively, on log Doppler velocity axes. This spectrum illustrates a well-developed Bragg res- 
onance phenomenon with the following features: 

• A clutter spectrum from the slightly wavy surface of Mare Meadow Reservoir of approxi- 
mate bell shape, but with an overall displacement to the left of zero-Doppler velocity in 
the direction of negative Doppler velocities. Such a spectrum is typical of sea clutter spec- 
tra with the radar looking downwind. In this measurement, winds3 were light (6 to 
11 mph), generally from east to northeast, and the radar was looking west along Az = 
294°, so the radar was looking obliquely downwind at water waves that were receding. 
Thus the expectation is of a negatively shifted Doppler spectrum, as observed in Figure 4. 

• Two sharp narrow peaks or spikes nearly symmetrically positioned to either side of zero 
Doppler and rising 20 to 25 dB above the general level of the otherwise approximately 
bell-shaped clutter spectrum from Mare Meadow Reservoir. These spikes occur very 
nearly at the Bragg resonant frequencies given by Equation (1) to befb = +3.57 Hz for the 
LCE L-band radar frequency of 1230 MHz (or, equivalently, at Doppler velocities given to 
be ±0.436 m/s). Thus these dominant double spikes offset from zero Doppler indicate the 
existence of a strong Bragg resonance in the backscattered temporal record from the 
inland water cell from which this spectrum was produced. The required wavelength of 
water waves to support this Bragg resonance is 4.8 in. The existence of a significant 4.8-in 
wavelength component within the spectrum of water waves existing under the measure- 
ment conditions of light winds working over a fetch of several hundred meters pertaining 
to these data is highly plausible. 

• Bragg splitting. Double peaks are not always observed in Bragg backscattering from 
water. When they do occur, the phenomenon is referred to as "Bragg splitting" [4]. In Fig- 
ure 4, the exact frequencies at which the two first-order Bragg lines occur are -3.81 and 
+3.42 Hz (i.e., -0.465 and +0.417 m/s). That is, the first-order lines in this figure are not 
exactly symmetrically positioned to either side of zero Doppler. First-order Bragg lines 

3For LCE clutter measurements at Wachusett Mt., wind conditions were measured at 10-s update intervals with 
an anemometer stationed on top of a 75-ft tower in a treed clutter cell at Az = 166°, range = 7.42 km. This cell is 
10.3 km from the Mare Meadow Reservoir clutter measurement cell. Precise wind conditions in the Mare Meadow 
Reservoir cell are not available. 

^he average wind direction recorded at the 10.3-km distant anemometer station for this experiment was from the 
northeast at 42°. The radar look direction with respect to wind direction was 108°. These and similar data from other 
experiments indicate that wind direction at Mare Meadow Reservoir on 5 September 1991 was generally from north- 
east to east such that the radar was looking obliquely downwind with corresponding negative Doppler shifts in the res- 
ervoir spectra. 



that are not exactly symmetrically positioned at their predicted frequencies to either side 
of zero Doppler indicate a surface current such that the water waves causing the first-order 
scattering are superimposed on a water surface that is physically moving [3]. In Figure 4, 
the offset of the two first-order Bragg lines from symmetrical positioning is -0.024 m/s, 
indicating the existence of a small surface current away from the radar due to the slightly 
downwind radar look direction pertaining to these data. The total separation of the two 
first-order Bragg lines in the figure is 7.23 Hz (i.e., 0.881 m/s), compared with 7.15 Hz 
(i.e., 0.872 m/s) as predicted by Equation (1), which represents very close agreement 
between theory and measurement for this phenomenon. In addition to resonance very 
nearly at the expected Bragg frequency, Bragg splitting (two lines), and an offset due to 
surface current, the data of Figure 4 also show strong evidence of higher-order Bragg res- 
onances to either side of the first-order Bragg lines, much as indicated in the examples of 
previously published HF sea clutter spectra shown later in this report. Thus the details of 
the spectrum in the figure corroborate the existence of a highly developed Bragg reso- 
nance phenomenon in these data. 

• The total spectral power of the inland water spectrum of Figure 4 is -88 dBW at the 
antenna terminals. Most of this power is concentrated in the left-hand Bragg line offset 
from zero Doppler and is within 10 dB of spectral power levels found in some neighboring 
LCE ground clutter cells. The -88-dBW level corresponds to a backscattering clutter coef- 
ficient cf = -48 dB, utilizing the parameters of Table 1 in the radar range equation, where 
cf is defined to be RCS per unit surface area in the resolution cell, including propagation 
effects. When the Phase One radar was on Wachusett Mt. in August 1984, its measure- 
ments also included backscatter data from the Mare Meadow Reservoir cells in survey 
(i.e., scan) mode, which (for L-band, VV-pol., 15-m pulse length) yielded cf = -50 dB, in 
close agreement with the 5 September 1991 LCE result. Such cf levels from inland bodies 
of water, in which (as evidenced by the data of Figure 4) most of the power is concentrated 
in nonzero-Doppler Bragg lines, are not inconsequential within the overall context of 
ground clutter, even though the ground clutter cf is generally much higher (e.g., along the 
294° radial at Wachusett Mt., L-band ground clutter cf ranges from -15 to -40 dB). 

Figure 5 repeats the spectrum for range gate 20 shown in Figure 4(a) and includes an estimate of the 
amount of power included in this spectrum from adjacent forested ground (as opposed to water) entering 
through the antenna sidelobes. For range gate 20, the cross-range one-way beam extent of 416 m is entirely 
contained on the surface of Mare Meadow Reservoir; further out in cross-range, the forested shoreline is 
coincidentally intercepted in both cross-range directions very nearly in another one-half beamwidth (i.e., at 
±416 m cross-range from boresight). Ground clutter power thus enters the spectrum of range gate 20 from 
the forested shoreline and beyond through the antenna sidelobes. In Figure 5, the small peak in the spectrum 
at zero-Doppler velocity is due to ground clutter entering through the antenna sidelobes. The dotted line es- 
timates the spectral shape of this small amount of corrupting ground clutter power. The power level of this 
ground clutter estimate decreases very rapidly to either side of zero Doppler. Thus only very near zero-Dop- 
pler velocity is the inland water spectrum even slightly corrupted (i.e., the small peak at zero Doppler) by 
ground clutter leakage through antenna sidelobes. The shape of the dotted ground clutter contribution in Fig- 
ure 5 mirrors the narrow shapes of measured ground clutter spectra in nearby cells. 

10 
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Figure 4. LCE-measured clutter power spectrum from the windblown fresh-water surface of Mare Meadow Reservoir 
showing strong Bragg resonances. Measurements performed on 5 September 1991, a light-winds day with the radar 
looking obliquely downwind; W-pol, range gate 20 (3.97 km), (a) linear Doppler velocity axis, (b) log Doppler ve- 
locity axis, right side, and (c) log axis, left side. 
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Figure 5. Figure 1(a) is repeated; estimated ground clutter leakage through antenna sidelobes shown as dotted line. 

Figure 6(a) shows the I-channel temporal record from the inland water clutter cell from which the 
spectrum of Figure 4 was producted. (The Q-channel record was similar.) This temporal record comprises 
35,000 pulses over a 70-s duration. The relatively rapid oscillation in this record is at the Bragg resonant 
frequency of- 3.8 Hz, which is the dominant characteristic. Also visible in Figure 6(a) is a slower modula- 
tion. Note that this temporal record from water is largely symmetrical about zero amplitude, indicating rel- 
atively little dc or zero-Doppler component as confirmed in Figure 4. 

In contrast to Figure 6(a), which is a temporal record of backscatter from water, Figure 6(b) is a tem- 
poral record of backscatter from trees. Both records were measured simultaneously (i.e., same experiment). 
The temporal record of Figure 6(b) comes from a range cell 375-m closer to the radar than the water cell of 
Figure 6(a). This closer range cell is treed on the near shoreline of Mare Meadow Reservoir. Figure 6(b) 
shows the amplitude of the Q-channel (the amplitude of the I-channel was similar). The temporal record 
from trees in Figure 6(b) is very different from that of water in Figure 6(a) in that the temporal record from 
trees is not dominated by a rapid Bragg resonance oscillation, and furthermore, it is significantly displaced 
below zero amplitude, indicating a strong dc or zero-Doppler component. The tree clutter spectrum derived 
from the temporal record of Figure 6(b) is shown in Figure 7, range gate 15. 
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Figure 6. LCE-measured clutter amplitude temporal records; 5 September, W-pol. (a) range gate 20(3.97 km), water 
(Mare Meadow Reservoir), and (b) gate 15 (3.60 km), trees (near shore). 
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3.2    ADDITIONAL RANGE GATES 

Figure 7 shows how the measured clutter spectra vary with increasing range across Mare Meadow 
Reservoir for the same experiment as illustrated in Figure 4. Results are shown for three range gate posi- 
tions—15, 19, and 21. For each, the left side (i.e., negative Doppler velocities) of the spectrum is shown on 
a log Doppler velocity axis. The range resolution of the LCE radar is 150 m, but the sampling interval in 
range is 75 m, so it is necessary to increment gate position by two to obtain independent results. Bragg res- 
onance from the reservoir surface was observable over seven contiguous reservoir range gates—16 through 
22. 
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Figure 7. LCE-measured clutter power spectra showing variations with range as range gate position traverses Mare 
Meadow Reservoir; 5 September, W-pol., gate 15 (3.60 km), trees; gate 19 (3.90 km), water; gate 21 (4.05 km), water. 

Figure 7 includes the forest clutter spectrum in gate 15 at 3.60-km range from along the near shoreline 
of Mare Meadow Reservoir. The temporal record from which this spectrum was derived is shown in Figure 
6(b). The forest surrounding Mare Meadow Reservoir is a typical eastern mixed hardwood forest (e.g., oak, 
maple, beech) with occasional occurrences of conifers (e.g., hemlock, pine), all rising to heights generally 
of 50 or 60 ft. In these August and September LCE measurements from Wachusett Mt., leaves were still on 
deciduous trees. Under the light, 6- to 11-mph winds of the 5 September experiment (from which results are 
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shown in Figure 7), the tree clutter spectrum of gate 15 is relatively narrow, certainly much narrower than 
the widest tree clutter spectrum measured by the LCE radar shown in Figure 3(b). 

Figure 7 also includes water clutter spectra from gates 19 and 21, which bracket those from gate 20 
shown in Figure 4. Gates 19 and 21 show inland water clutter power spectra very similar to those of gate 20, 
containing nearly (gate 19) or, indeed, as much (gate 21) total clutter power from the water surface as that 
of gate 20, with essentially as full-blown Bragg resonance phenomena as that of gate 20. For Ivl < ~ 0.1 m/s, 
the data from gates 19 and 21 become corrupted by forested ground clutter near zero Doppler leaking 
through antenna sidelobes. Figure 7 does not show the clutter spectrum from gate 17 at 3.75-km range. This 
range gate was largely in shadow, resulting in relatively little total clutter power in the spectrum. Trees along 
the near shoreline and on a preceding hill masked the water surface of Mare Meadow Reservoir to the LCE 
radar to an approximate range of 3.8 km, or 200 m out from the near shore. Some reduced tree clutter power 
entered gate 17 through the azimuth sidelobes from the near shoreline. First-order Bragg resonance lines 
were observed in the spectrum from gate 17 at low levels superimposed on the reduced-gain tree clutter 
spectrum. Presumably, some small portions of the water surface were visible between the preceding mask- 
ing treetops in gate 17, although some foliage penetration through and/or diffraction over the treetops may 
also have occurred. Thus the existence of Bragg resonance in the backscatter from the surface of Mare 
Meadow Reservoir is not a singular or extraordinary event existing in only one gate, but a robust phenom- 
enon existing in all gates of this experiment in which some water surface is visible. 

The differences between inland water clutter spectra and tree clutter spectra in the same neighborhood 
are important to understand if signal processing algorithms for clutter-limited target detection are to perform 
adequately in such neighborhoods. It is very evident in Figure 7 that for Ivl > ~ 0.2 m/s, water clutter power 
in gates 19 and 21 exceeds tree clutter power in gate 15 (plotted as the solid line) by large amounts. The 
shape of the tree clutter spectrum of gate 15 in Figure 7 is similar to the shapes of tree clutter spectra in many 
cells in the general region surrounding the reservoir. At dc or zero Doppler, the gate 15 tree clutter spectrum 
shown in Figure 7 is = 10 dB stronger than the peak levels of the dominant Bragg lines in the water clutter 
spectra of gates 19 through 21, and furthermore, the total spectral power of the gate 15 tree clutter spectrum 
exceeds that of the gates 19 through 21 water clutter spectra by ~ 10 dB. However, at the -3.8-Hz resonant 
frequency of the dominant Bragg line, the gates 19 through 21 water clutter spectral power levels exceed 
the time-coincident gate 15 tree clutter spectral power level by 40 to 45 dB, and even exceed—by 17 dB— 
the maximum tree clutter spectral power ever measured by the LCE radar at + 3.8 Hz, as shown in 
Figure 3(b). That is, at low but nonzero Bragg resonant frequencies, typically encountered levels of water 
clutter spectral power at VV-pol. can exceed neighboring land clutter spectral power levels at these frequen- 
cies by large amounts. 

If total ac spectral power is normalized to unity in both the tree and water spectra of Figures 4 and 7 
to focus on spectral shape on an equivalent ac power basis and keep separate the effects on spectral power 
level of differing a° and ratio of dc/ac power in tree and water cells, the net effect is that the gate 15 tree 
spectrum drops by 7.4, 2.8, and 3.6 dB, respectively, compared with the water spectra of gates 19, 20, and 
21. This matter is further discussed in Section 4.2. 
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3.3    PERSISTENCE WITH TIME AND POLARIZATION 

To this point, only one 5 September LCE clutter experiment has been discussed. It has been shown 
that Bragg resonance occurs in all range gates of this experiment that provide any visibility of the surface 
of Mare Meadow Reservoir. That is, the resonant phenomenon is observed to be spatially extensive over 
seven range gates of 75-m spacing during the 70-s duration of this experiment. It is now shown that the 
Bragg resonance phenomenon of 5 September also persists in time as well as exists for all polarization states 
throughout the 15-min LCE data acquisition period that occurred for Az = 294° on 5 September. Thus 
Figure 8 shows spectra from the first four of the six different experiments spanning this 15-min time period, 
each from range gate 20, which provides the most ground-clutter-free measurement of the inland water sur- 
face of Mare Meadow Reservoir. In acquisition time order, the polarization states for which results are 
shown are VV, HH, HV, VH. Note that the VV-pol. spectrum in Figure 8 repeats that shown in Figure 4; the 
other three spectra in Figure 8 are different experiments recorded sequentially after the first at sever- 
al-minute intervals. As in Figure 7, Figure 8 shows the left side of each spectrum on a log Doppler velocity 
axis. 

The inland water clutter spectrum in Figure 8 at VV-pol. from range gate 20 on Mare Meadow Res- 
ervoir repeats that of Figure 4. Figure 8 also shows the corresponding spectrum at HH-pol. from the same 
water gate from data acquired 2 min later—the most striking feature is the very large reduction in the back- 
scattered power from the water surface in this spectrum, compared with the corresponding power at VV-pol. 
In fact, the only evidence of backscattered power from the water surface at HH-pol. in Figure 8 is in the 
first- and higher-order Bragg resonances that are still clearly apparent. The spectral power for Ivl < ~ 0.2 m/s 
in the HH-pol. spectrum is forested ground clutter leakage entering through the azimuth sidelobes, which is 
also a good estimate of the amount of ground clutter power existing at VV-pol., since differences between 
forested ground clutter spectra of VV- and HH-pol. are relatively minor. The power levels in the backscat- 
tered power from the water in gate 20 are 30 to 40 dB weaker at HH- than at VV-pol.; 30 dB as measured 
by the differences in the levels of the higher-order Bragg resonant lines; 40 dB as measured by the differ- 
ences in the levels of the first-order Bragg resonant lines. It is well known that sea clutter o° levels are much 
weaker at HH- than at VV-pol. at L-band and lower frequencies. Thus the extreme difference in water clutter 
power levels observed between the VV- and HH-pol. spectra of Figure 8 is expected. 

Water clutter spectra for gate 20 at HV- and VH-pol. are also shown in Figure 8. These cross-polar- 
ization spectra contain more water clutter power than the HH-pol. spectrum, although not as much as the 
VV-pol. First- and higher-order Bragg resonances are clearly observable in the cross-polarization spectra. 
Spectral power for Ivl < ~ 0.1 m/s in these cross-polarization spectra, where it overlaps with that of the 
HH-pol. spectrum, is also forested ground clutter leakage. Measured by the differences in the levels of the 
higher-order Bragg resonant lines, the water clutter power levels at cross-polarization are about 20 dB stron- 
ger than at HH-pol. but about 15 dB weaker than at VV-pol. 

Each of the six 5 September experiments can be characterized by the mean and maximum wind speeds recorded 
by the 10.3 km distant anemometer at 10-s update intervals over the 70-s duration of each experiment, as 6/7,7/9,9/11, 
6/8, 8/10, and 9/11 mph, respectively. The reservoir wind speeds throughout the total 15-min period covering all six 
experiments are characterized as roughly bounded by the minimum and maximum numbers, i.e., 6 to 11 mph. 
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Figure 8. LCE-measured clutter power spectra from the surface of Mare Meadow Reservoir showing variations with 
W-, HH-, HV-, and VH-pol., 5 September, range gate 20 (3.97 km). 

Another interesting feature of the cross-polarization spectra (Figure 8) is that the levels of the high- 
er-order resonant peaks are much nearer those of the first-order peaks (viz., within about 6 to 8 dB), com- 
pared with the copolarized spectra, where the first-order peaks are 15 to 25 dB stronger than the higher-order 
peaks. In the extensive literature of Bragg resonant scattering from sea surfaces, the positions and ampli- 
tudes of the second-order peaks with respect to the first-order spikes have been interpreted to provide infor- 
mation about sea state and wave direction [3,16]. In the upper HF region (6 to 30 MHz) at which remote 
sensing of ocean surfaces at great distances via ionospheric propagation can occur, the amplitudes of the 
first-order Bragg spikes are constant and insensitive to sea state. The reason is that the Bragg resonant water 
waves of 5 to 25 m in length (i.e., one-half the radar wavelength) in this region are nearly always present 
and developed to their maximum height as limited by breaking on the open ocean. In fact, the amplitudes 
of the first-order spikes can be used to calibrate the amplitudes of the higher-order peaks, which otherwise 
is a difficult task under ionospheric propagation. These matters are more fully discussed in Barrick et al. [3]. 
Such a complete set of results (as provided in Figure 8), showing fully developed Bragg resonance with re- 
spect to polarization (i.e., comparable results for four polarization states, viz., VV, HH, HV, VH) is not com- 
monly available in the general literature of Bragg resonance in backscatter from water surfaces. 
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Figure 9 shows water clutter power spectra from gate 20 on Mare Meadow Reservoir for two exper- 
iments at VV-pol. in which the second experiment commenced 14 min 5 s after the first. The earlier spec- 
trum in Figure 9 is the VV-pol. spectrum shown in Figures 4, 5, and 8. The degree of repeatability in the 
spectral results in Figure 9 is remarkable. Certainly, over this 15-min period of data acquisition, the neigh- 
borhood wind conditions as measured at the 10.3 km distant anemometer station were not invariant but un- 
dergoing the type of ephemeral variation typical of a day of light breezes. Thus as measured at 10-s update 
intervals over this period at the anemometer station, wind speeds ranged from 4 to 12 mph, and wind direc- 
tions, although generally from the northeast, ranged from 18° to 105°. Presumably, similar variations were 
occurring in the breezes over Mare Meadow Reservoir with corresponding temporal variation in specific 
wave conditions. Thus the Bragg resonance observed in the LCE backscatter from Mare Meadow Reservoir 
on 5 September 1991 was a long-lived phenomenon not sensitive to the specificities of local wind variation 
from experiment to experiment over a 15-min period. 
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Figure 9. LCE-measured clutter power spectra from the surface of Mare Meadow Reservoir for two similar experi- 
ments showing variation with time of measurement; 5 September, range gate 20 (3.97 km), W-pol. Later measurement 
performed 14 min 5 s after earlier measurement. 



3.4     STRONGER WIND CONDITIONS 

LCE measurements were obtained along the Mare Meadow Reservoir azimuth of 294° on two mea- 
surement days, 5 and 11 September. A full set of six experiments (i.e., VV, HH, HV, VH, VV, HH) was ac- 
quired on each day—over a 15-min period on 5 September when winds were light and from the east, and 
over a 22-min period on 11 September when winds were stronger and from the west. 

Figure 10 shows the VV-pol., range gate 20 reservoir spectrum of 11 September displayed similarly 
to that of 5 September shown in Figure 4. Corresponding VV-pol., range gate 20 clutter spectra from the 
surface of Mare Meadow Reservoir for the light-winds day of 5 September and the windier day of 11 Sep- 
tember are shown plotted together in Figure 11. On 11 September the winds not only were stronger than on 
5 September but from the northwest (i.e., typically 310°) rather than the east such that the radar was looking 
almost directly (i.e., within 16° of) upwind. Indeed, Figure 11 shows the 11 September water clutter spec- 
trum to be generally higher and wider than the 5 September spectrum due to the rougher water surface on 
11 September, and displaced toward positive rather than negative Doppler velocities due to the reversed 
wind direction. Bragg resonance lines continue to be evident in the windier day spectrum of Figures 10 and 
11, but rising only 6 to 8 dB above adjacent spectral levels, in contrast to the 20- to 25-dB Bragg rises in the 
light-winds day spectrum, partly due to the overall spectral level being higher on the windier day. Never- 
theless, the absolute levels of the Bragg spikes on the windier day in these figures are 10 dB weaker than on 
the light-winds day (comparing dominant component with dominant and "split" component with "split"). 
Presumably, the rougher water surface on the windier day contained a less significant 4.8-in water wave- 
length component than on the light-winds day. 

In Figure 11, the 11 September windier day spectrum is displaced significantly to the right of zero 
Doppler, compared with the slight displacement to the left of the 5 September light-winds day. At the 
-140-dB power level in the spectra, the centroid of the light winds spectrum is at -0.1 m/s, whereas the cen- 
troid of the windier day spectrum is at +0.38 m/s. On the windier day, the radar is looking almost directly 
upwind at water waves that are advancing, in contrast to looking obliquely downwind on the light-winds 
day at water waves that are receding. That is, wave direction on the light winds day has a slight component 
away from the radar, whereas wave direction on the windier day has a stronger component toward the radar. 

It is apparent in Figure 11 that the windier day Bragg lines are shifted slightly to the right of the 
light-winds day Bragg lines. The only reason that the Bragg lines do not exactly coincide with symmetrical 
positioning to either side of zero Doppler in these two measurements is that the surface currents on these 
two measurement days differ. That is, the Bragg line frequencies are unaffected by wind conditions (i.e., 
speed, direction) or wave conditions (i.e., amplitude, direction). As indicated earlier, the offset of the two 
first-order Bragg lines from symmetrical positioning in the 5 September spectrum in Figure 11 was 
-0.024 m/s, indicating the existence of a surface current with a small component away from the radar due 
to the slightly downwind radar look direction pertaining to these data. In comparison, the offset of the two 
first-order Bragg lines in the 11 September spectrum is +0.071 m/s, indicating the existence of a surface cur- 
rent with a larger component toward the radar due to the almost directly upwind radar look direction per- 
taining to these data. It is remarkable, however, that aside from these differences caused by differing surface 
currents on the two measurement days, the relative separation of the two first-order Bragg lines (i.e., the 
Doppler difference between the dominant and the split lines) is identical, equal to 7.23 Hz or 0.881 m/s, on 
both measurement days. That is, the Bragg spikes occur at -3.03 and at +4.20 Hz in the 11 September wind- 
ier day spectrum of Figure 11 compared with their occurrence at -3.81 and at +3.42 Hz in the 5 September 
light-winds day spectrum. 
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The total power of the 11 September spectrum is 2.1 dB weaker than that of the 5 September spec- 
trum, which leads to an 11 September clutter coefficient o° = -50 dB compared with the 5 September clutter 
coefficient <f = -48 dB. Sea clutter is generally expected to increase with sea state (i.e., wind speed), and 
as the radar look direction progresses from downwind to crosswind to upwind [17]. Except for the Bragg 
spikes, the windier day, upwind spectrum of 11 September in Figure 11 does appear to be generally higher 
and wider and thus to contain more backscattering power than the light-winds, cross wind-to-downwind 
spectrum of 5 September, as expected. However, the very strong Bragg spikes are enough to change the bal- 
ance and result in the 5 September spectrum containing 2 dB more total spectral power than the 11 Septem- 
ber spectrum. That is, variations in the degree of Bragg resonance encountered in a particular measurement 
may contribute to the large variability that exists in sea clutter measurements performed under nominally 
similar measurement situations and sea states [1,18]. Recall that the earlier Phase One Mare Meadow Res- 
ervoir result was also o° = -50 dB (L-band, VV-pol, 15-m pulse length), identical to the 11 September LCE 
result. 

Figure 12 shows clutter amplitude temporal records from water (gate 20) and trees (gate 15) for the 
stronger winds day of 11 September, similar to the corresponding results shown in Figure 6 from the 
light-winds day of 5 September. The temporal record from water shown in Figure 12(a) is that from which 
the spectrum of Figure 10 was produced. Even though the Bragg spikes were 10 dB weaker on 11 Septem- 
ber, they are still strong enough to cause a rapid Bragg oscillation in the water record of Figure 12(a) at the 
frequency of the dominant Bragg resonance line of 4.2 Hz in these data. There is not such a strong secondary 
modulation in Figure 12(a) as seen in Figure 6(a). Figure 12(a) shows a slightly lower overall amplitude 
envelope for the stronger winds day than does Figure 6(a) for the light-winds day. As in Figure 6(a), the 
water data in Figure 12(a) are largely symmetrical about zero amplitude, indicating relatively little dc or 
zero-Doppler component. In contrast, the tree data in Figure 12(b), as in Figure 6(b), are significantly dis- 
placed below zero amplitude, indicating a significant dc or zero-Doppler component. 

Figure 13 shows windier day results from 11 September for the three range gates traversing Mare 
Meadow Reservoir in a manner paralleling the light-winds day results from 5 September shown in Figure 7. 
Appropriate to these upwind data, Figure 13 shows the right side of each spectrum on a log Doppler velocity 
axis. The gate 15 tree clutter spectrum was obtained from the temporal record shown in Figure 12(b). For 
v > ~ 0.35 m/s, the water clutter power in gates 19 and 21 of Figure 13 exceeds the tree clutter power in 
gate 15 (plotted as a solid line) even more clearly than in the 5 September data of Figure 7. For v < ~ 0.2 m/s, 
the data from gates 19 and 21 become corrupted by forested ground clutter near zero Doppler leaking 
through antenna sidelobes. Although the absolute levels of the Bragg spikes (both dominant and split) at 
VV-pol. on the windier day are 10 dB weaker than on the light-winds day as shown in Figure 11, the dom- 
inant Bragg spike at +4.2 Hz on the windier day is still 35 dB stronger than the time-coincident gate 15 tree 
clutter at +4.2 Hz as shown in Figure 13, and 10 dB stronger than the maximum tree clutter spectral power 
ever measured by the LCE radar at +4.2 Hz as shown in Figure 3(b). On the windier day, the difference be- 
tween the peak zero-Doppler tree clutter power in gate 15 and the peak dominant Bragg line water clutter 
power in gate 20 was only 12 dB, compared with a corresponding 10-dB difference on the light-winds day. 
The small change in this difference from light-winds to windier day is partly due to the fact that the ze- 
ro-Doppler tree clutter return was reduced by 3 dB on the windier day. On the windier day, the total power 
in the gate 20 water clutter spectrum of Figure 11 was 9 dB weaker than in the time-coincident gate 15 tree 
clutter spectrum of Figure 13 compared with 10 dB weaker on the light-winds day. On an equivalent total 
ac power basis, the windier day gate 15 tree spectrum of Figure 13 drops by 9.2, 3.1, and 5.2 dB, respec- 
tively, compared to the windier day water spectra of gates 19, 20, and 21. 
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Figure 10. LCE-measured clutter power spectrum from the windblown fresh water surface of Mare Meadow Reservoir 

showing Bragg resonances. Measurements performed on 11 September, a day of stronger winds with the radar looking 

almost directly upwind, W-pol., range gate 20 (3.97 km): (a) linear Doppler velocity axis, (b) log-Doppler velocity 

axis, right side, and (c) log-axis, left side. 
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Figure 11. LCE-measured clutter power spectra from the surface of Mare Meadow Reservoir, showing variations with 
wind condition on two different days, 5 and 11 September: W-pol, range gate 20 (3.97 km). 
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Figure 12. LCE-measured clutter amplitude temporal records, 11 September, W-pol., (a) range gate 20 (3.97 km), 
water (Mare Meadow Reservoir) and (b) gate 15 (3.60 km), trees (near shore). 
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Figure 13. LCE-measured clutter power spectra showing variations with range as range gate position traverses Mare 
Meadow Reservoir, 11 September, W-poL, gate 15 (3.60 km), trees.; gate 19 (3.90 km), water; gate 21 (4.05 km), 
water. 

Variations in gate 20 water clutter spectra with polarization for the 11 September windier day are 
shown in Figure 14, in a manner paralleling the light-winds day results shown in Figure 8. The windier day 
HH-pol. water clutter in Figure 14 is stronger than in the corresponding light-winds day HH-pol. water clut- 
ter in Figure 8. Except for less dominant Bragg lines, the windier day results of Figure 14 are similar to the 
light-winds day results of Figure 8 with minor differences caused by differing wind conditions. The Bragg 
resonance phenomenon continued to be extensive in space across all seven water gates and persistent in time 
throughout the 22-min duration of measurements and across the complete polarization matrix of measure- 
ments on the windier day, as it was on the light-winds day. 
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Figure 14.  LCE-measured clutter power spectra from the surface of Mare Meadow Reservoir showing variations: 
W-, HH-, HV-, and VH-pol., 11 September, range gate 20 (3.97 km). 

Figure 15 illustrates the persistence in time of the Bragg resonance on 11 September by showing to- 
gether results from the two VV-pol. experiments, in which the second commenced 13 min 14 s after the first. 
The earlier spectrum in Figure 15 is the 11 September spectrum shown in Figures 10 and 11. Although the 
Bragg resonance peak persists in both spectra in Figure 15, the details in spectral structure around the Bragg 
peak differ more in the two 11 September spectra of Figure 15 than in the two 5 September spectra of 
Figure 9. In particular, the later spectrum in Figure 15 has a spectral tail extending to higher Doppler veloc- 
ities than the tail of the earlier spectrum. By chance, for Ivl > ~ 0.5 m/s this extended tail of the later water 
clutter spectrum of Figure 15 is rather similar to the tail over the same Doppler interval of the widest LCE 
tree clutter spectra of Figure 3(b). 
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Figure 15. LCE-measured clutter power spectra from the surface of Mare Meadow Reservoir for two similar experi- 
ments showing variation with time of measurement, 11 September, W-pol., range gate 20 (3.97 km). Later measure- 
ment performed 13 min 14 s after earlier measurement. 
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4.   DISCUSSION 

4.1 BRAGG SCATTERING IN SEA CLUTTER 

In 1955 Crombie [19] measured sea clutter with an HF radar and correctly interpreted the dominant 
components he observed in the Doppler spectrum as Bragg resonances arising from water waves of one-half 
the radar wavelength. Since then, an extensive literature concerning this HF phenomenon has sprung up, 
motivated by the possibility of measuring surface currents and ocean waves at great distances with HF sky- 
or surf ace-wave radars. A recent succinct summary of the present state of development of this technology 
is provided in Tucker [2]. Figure 16 shows typical HF sea clutter spectra with strong Bragg resonances, 
which look very like the LCE spectra from Mare Meadow Reservoir shown in this report. The remote mea- 
surement of ocean surface currents by this HF radar technique, as a constant offset of the first-order Bragg 
spikes from their predicted, symmetrical positions (in the absence of currents) to either side of zero-Doppler 
[see Figure 16(b)] is now well established. The remote measurement of ocean wave conditions (i.e., direc- 
tional wave spectra, wave amplitudes, sea state, etc.) depends on the higher-order Bragg resonances. The 
theoretical interpretation of the higher-order resonances, much of which has been developed by Barrick 
[3,16] is highly complex, and the practical consequences of obtaining useful information about ocean waves 
(as opposed to currents) by this technique have so far been limited. Three main radars have been used over 
the years to advance understanding of HF radar remote sensing of sea currents and waves [2], the most re- 
cent one being operated by the University of Birmingham, primarily for wave measurement [20,21]. 

Literature also exists concerning the use of microwave radar backscatter to obtain information about 
ocean surfaces. Recent articles on this subject include Plant and Keller [4] and Thompson [22]. A principal 
motivation of such studies is the potential use of satellite-borne synthetic aperture radars for providing in- 
formation about ocean waves [5]. At microwave frequencies, ocean clutter spectra are generally broad and 
featureless, showing no peaks that could be interpreted as Bragg lines because long ocean waves (i.e., 
swells) have back-and-forth horizontal, as well as vertical, components resulting in orbital motions of water 
particles. These long-wave horizontal motions modulate the motion of the short ocean waves, which give 
rise to Bragg resonance at microwave frequencies. As a result, Bragg resonances in microwave ocean clutter 
spectra are often broadened and smeared out to the point where Bragg lines can no longer be resolved. How- 
ever, a recent paper [4] shows that this is not always the case and indicates under what ocean conditions 
Bragg peaks and splittings can exist in microwave Doppler spectra of sea clutter. 

Figure 17 reproduces some of Chan's [15] sea clutter measurements taken with the Lincoln Labora- 
tory Phase One multifrequency radar at North Truro, Massachusetts, during a relatively calm sea (i.e., sea 
state = 2, wave height = 2 ft, wind speed = 5 kn). The Phase One sea clutter Doppler spectra at L-band and 
VHF, shown in Figures 17(a) and (b), respectively, do, indeed, show evidence of Bragg double peaks, al- 
though these peaks are not as sharp as the LCE Bragg spikes from Mare Meadow Reservoir. Figure 17(c) 
shows North Truro L-band measurements of sea clutter backscattering coefficient <f as a function of grazing 
angle. In the data of Figure 17(c), o° is stronger at VV- than HH-pol. by ~ 30 dB, a difference similar to that 
observed in the Mare Meadow Reservoir data. Although the <f results of Figure 17(c) for 4° grazing angle 
are stronger than the LCE Mare Meadow Reservoir <f results, other L-band, VV-pol., 4° grazing angle, sea 
state 2, <f results exist [1,17,18], some of which [17,18] happen to be almost identical (viz., o° = -47, 
-48 dB) to the LCE reservoir results (viz., o°= -48, -50 dB). This finding may be fortuitous, considering 
the 2-ft swell on the ocean under sea state 2 that was lacking, of course, on the reservoir. 
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Figure 16. Published measurements ofHF sea clutter spectra showing strong Bragg resonances, (a) Taken from Tuck- 
er [2]. Spectrum obtained with the University of Birmingham HF radar at 9 MHz. The energy for directional wave 
measurement is that in the relatively broad bands to either side of the first-order Bragg resonant peaks, (b) Taken from 
Barrick et al. [3] and shown also in Plant and Keller [4]. Spectrum obtained at 9.4 MHz. The first-order Bragg Dop- 
pler shift fwo = 0.31 Hz; A is an offset due to surface current. 
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Over the years, Bragg scattering ideas about microwave backscatter from the sea have received their 
strongest support from wave-tank studies involving both paddle- and wind-generated waves but in which 
long-wave ocean swell does not occur. Sharp Bragg resonance lines have been routinely observed in micro- 
wave Doppler spectra obtained in wave tanks [4]. Such studies have been used in the development of com- 
posite surface scattering theory to explain microwave sea clutter [23]. The LCE measurements showing 
sharp Bragg resonances in the L-band backscatter from Mare Meadow Reservoir, as reported herein, would 
seem to fall within this latter subject area of Bragg scattering from wave tanks at microwave frequencies. 
For the measurements discussed in this report, Mare Meadow Reservoir (about 2 km long by about 0.6 km 
across) acts like a very large wave tank, allowing wind-generated gravity waves without the long-wave 
swell that exists on the open ocean and often masks Bragg resonances in microwave Doppler spectra. 

4.2     CONTEXT FOR LAND CLUTTER 

In recent years, there has been increased interest in specifying an overall environment clutter model 
that would include the Doppler interference from such things as aurora, meteor trails, cosmic noise, wind- 
blown material (e.g., leaves, dust, spray), birds, insects, rotating structures, rain, lightning, clear air turbu- 
lence, fluctuations of refractive index, etc. Such phenomena are often highly transient as they occur in 
measurements of radar Doppler spectra so that it is difficult to causally and quantitatively associate spectral 
artifacts directly with their sources. 

In contrast, the nonzero-Doppler Bragg spikes measured from Mare Meadow Reservoir represent a 
concrete example of total environment clutter over land that is atypical of ground clutter in general and for 
which the cause can be definitively specified. The power levels at VV-pol. in the Mare Meadow Reservoir 
water clutter spectra are not inconsequential, as indicated by the three shown in Figure 18. Each spectrum 
was individually discussed previously in this report; spectrum (a) is from data taken on the light-winds day, 
and spectra (b) and (c) are from data taken 13 min apart on the stronger winds day. Thus the figure summa- 
rizes that significant spectral power at low but nonzero-Doppler velocities exists in inland water clutter 
spectra at VV-pol. 

The water clutter spectra in Figure 18 may be compared with the tree clutter spectra in Figure 19. Fig- 
ure 19 plots together the VV-pol. tree clutter spectra from gate 15 on the near shoreline of Mare Meadow 
Reservoir for both the light-winds day of 5 September and the stronger winds day of 11 September, as shown 
in Figures 7 and 13, respectively. These two tree clutter spectra were measured simultaneously (i.e., same 
experiments) with the corresponding water clutter spectra of Figure 18(a) and (b). Also included for com- 
parison in Figure 19 is one of the widest LCE tree clutter spectra ever measured, previously shown in 
Figure 3(b). This spectrum was also measured on 11 September but in a cell 10.8 km distant from the res- 
ervoir and 30 min later. At the LCE radar position on Wachusett Mt., 11 September was considered a strong, 
windy day in contrast to 5 September, which was considered only a breezy day. These qualitative assess- 
ments of wind conditions are borne out in the gate 15 tree clutter spectra shown in Figure 19 in that the 
11 September spectra are wider than the 5 September spectrum. 

figure 7 shows the left side of the spectrum; Figure 19 shows the right side. 
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Figure 19. Three ground clutter spectra from trees at W-pol: (a) near shoreline of Mare Meadow Reservoir on 
5 September (3.60 km), (b) near shoreline on 11 September (3.60 km), and (c) widest measured LCE spectrum, 11 Sep- 
tember (7.94 km). 

Figure 20 summarizes the differences between the water clutter power spectra in Figure 18 and the 
neighboring tree clutter power spectra in Figure 19. Figure 20 may be compared with Figures 7 and 13, 
which also show tree and water spectra together. In Figure 20, if the water clutter spectra (a), (c), and (e) are 
first compared with the tree clutter spectra (b) and (d) that were measured time-coincidentally in nearby 
cells, it is observed that water clutter spectral power far exceeds that of tree clutter by as much as 30 to 40 dB 
over a range of Doppler velocities from about 0.3 or 0.4 to 2 or 3 m/s, even though total tree clutter spectral 
power is 10 dB greater than total water clutter spectral power in these comparisons. Even if the widest tree 
clutter spectrum (f) ever measured by the LCE radar (from a 10.8-km distant cell 30 min later) is included, 
the water clutter spectral power still exceeds it by as much as 15 dB near the Bragg resonances over a range 
of Doppler velocities from about 0.4 or 0.5 m/s to as much as about 1/ms in the case of measurement (e). 
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Figure 20. Inland water clutter versus tree clutter spectra: (a) water and (b) nearby trees on 5 September, (c) water 

and (d) nearby trees on 11 September, (e) water 13 min 14 s later, and (f) distant trees (widest) 29 min 52 s later. 

In ground clutter modeling, it may be desired to compare the six spectra of Figure 20 on the basis of 
equivalent ac spectral power in each spectrum to separate the effects on spectral power level of differing (f 
and ratio of dc/ac power from the intrinsic effects of differing spectral shape. Each spectrum in Figure 20 
may be adjusted so that the total ac power in each measured spectrum is unity, and to show spectral power 
per infmitesimally small Doppler velocity interval dv (i.e., dBW/dv) for comparison with analytic spectral 
shapes, by means of the following additive term (i.e., vertical scale shift) in decibels for spectra (a) through 
(f), respectively: 104.2, 101.4, 106.3, 101.2, 107.8, and 95.6. The relative effects of these adjustments, for 
example, with respect to spectrum (a), is that spectra (c) and (e) are raised by 2.1 and 3.6 dB, respectively; 
and spectra (b), (d), and (f) are lowered by 2.8, 3, and 8.6 dB, respectively. Thus all these normalization 
adjustments, most of which are minor except for that of spectrum (f), increase relative water clutter spectral 
power with respect to relative tree clutter spectral power when shown on an equivalent total ac spectral pow- 
er basis. 
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Conceptually, high enough tree clutter o° combined with strong enough winds (strong winds lead to 
low ratios of dc/ac spectral power and wide normalized spectral shapes in treed cells) can result in clutter 
power spectral density from a treed cell exceeding clutter power spectral density from a neighboring water 
cell at the Bragg frequency. The spectral shapes of Figure 20 (when normalized by the preceding adjustment 
factors) indicate that tree clutter o° must exceed water clutter o° by ~ 25 dB for the spectral density in the 
widest LCE tree spectrum (f) to equal the spectral density of the water spectrum (a) at the Bragg frequency, 
requiring tree clutter o° = -25 dB, since Mare Meadow Reservoir water clutter o° = -50 dB. Although tree 
clutter CT° is typically less than = -25 dB at the generally low illumination angles of ground-based radar (e.g., 
for L-band at grazing incidence, mean tree clutter o° = -32 dB for both VV- and HH-pol. [24]), at higher 
angles tree clutter rj° can approach ~ -25 dB (e.g., for L-band at depression angle = 4°, mean tree clutter 
<f = -26 dB for both VV- and HH-pol. [24]7). Thus under extremely windy situations [i.e., as typified by 
spectrum (f) in Figure 20], tree clutter spectral density may be expected to approach water clutter spectral 
density in a neighboring cell at the Bragg frequency. Under more normal situations [i.e., as typified by the 
much narrower tree clutter spectra (b) and (d) in Figure 20], water clutter spectral density in the vicinity of 
the Bragg line is expected to always exceed neighboring tree clutter spectral density in the Bragg frequency 
vicinity by large amounts. 

Consider briefly how the results of Figure 20 might apply at other radar frequencies. Except for dif- 
fering amounts of dc component, the relative shapes of ac clutter Doppler spectra from windblown trees 
when plotted against Doppler velocity (as opposed to Doppler frequency) x-axes are largely invariant with 
radar wavelength [6-8]. In contrast to the relative in variance of tree clutter velocity spectra with radar wave- 
length A, the equivalent Doppler velocity at which Bragg resonance in water clutter spectra is expected to 
occur varies as Jk . Nevertheless, Bragg resonant Doppler velocities are expected to remain well within the 
range of tree clutter ac spectral power at other frequencies. For example, at VHF (e.g., 170 MHz) and 
X-band (e.g., 9100 MHz), the expected Bragg resonant Doppler velocities are 1.17 and 0.16 m/s, respec- 
tively. These Bragg resonant Doppler velocities are still within the range for which discernible ac tree clutter 
power was observed in VHF and X-band tree clutter spectra measured by Lincoln Laboratory's Phase One 
multifrequency clutter measurement radar [6,7]. The power levels that might be measured from inland water 
at frequencies other than L-band are conjectural at this time. Chan's [15] multifrequency sea clutter data 
obtained with the Phase One radar indicate that VV-pol. a° increases from L-band at lower (i.e., UHF and 
VHF) and higher (i.e., X-band) frequencies and that the weak HH-pol. o° at VHF, UHF, and L-band increase 
to approximate equivalence with VV-pol. G° at X-band. 

Small inland bodies of water are common in many geographical regions. There is no reason to believe 
that the measurement conditions under which Bragg resonance was observed from Mare Meadow Reservoir 

The most salient aspect of low-angle ground clutter is variability. Over the hilly forested terrain of the 294° radial 
at Wachusett Mt., the L-band, VV-pol., clutter coefficient o° ranges from = -15 to = -40 dB. (Here, propagation effects 
are included in o°.) The near shoreline of Mare Meadow Reservoir, which is close to being masked by intervening 
terrain between the radar and the reservoir, has o° = -39 dB. If the near shoreline were exactly on the theoretical shad- 
ow boundary of a single knife edge, there would be a 12-dB diffraction loss in clutter strength; raising the near shore- 
line o° by 12 dB yields o° = -27 dB, which is close to the -26 dB value expected for L-band, low-relief forested terrain, 
4° depression angle [24]. The steeply rising terrain along the far shoreline of the reservoir has o° = -20 dB. The cell 
that provided the widest LCE spectrum [i.e., Figure 20(f)] had o° = -30 dB. 
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were in any way unusual or "just right." Bragg resonance was seen in all seven cells occurring on this inland 
body of water throughout the 15- and 22-min measurement periods of two measurement days. However, 
since inland bodies of water occur at low elevations with respect to the surrounding terrain, they may often 
be masked to ground-based radar. Small inland bodies of water regularly become visible to airborne radars 
of overflying aircraft, although usually at relatively short range and at depression angles significantly above 
grazing incidence. Similarly, satellite-borne radars would also routinely observe small inland bodies of wa- 
ter but also at higher depression angles. Thus remote sensing radars with their higher depression angles 
might see small inland bodies of water more frequently than long-range surveillance radars, and the Bragg 
lines may be more noticeable at higher angles in tree clutter backgrounds since water clutter o° rises faster 
with increasing grazing angle than does tree clutter (f. 

Within the recent increased interest in land clutter, specific attention motivated by advanced detection 
technology concerns has been devoted to the detailed characteristics of ground clutter spectra at very low 
but nonzero-Doppler frequencies and how these characteristics vary with time. These concerns can partic- 
ularly involve, but are not limited to, bistatic measurement geometries. The first-order L-band Bragg reso- 
nant spikes observed from Mare Meadow Reservoir exist centrally within this Doppler interval of interest 
in L-band ground clutter spectra and are expected to stay within the ground clutter Doppler interval at other 
radar frequencies. Thus the occasional spatial occurrence of such spikes change what is otherwise expected 
for temporal statistical behavior of general land clutter spectra. In contrast to transient variations that can 
occur in clutter spectra from land clutter cells containing windblown foliage, the existence of Bragg spikes 
from land clutter cells known to be inland water may be largely invariant in space and time and outside the 
general range of variation of windblown foliage spectra. The extent to which Bragg spikes from small inland 
bodies of water might cause false alarms for moving target indicator or other Doppler signal processing 
techniques or algorithms designed for detecting and tracking targets in ground clutter requires further study. 
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5.   SUMMARY 

L-band radar backscatter measurements were recorded from the surface of a small inland fresh water 
reservoir in central Massachusetts on two measurement days under differing wind conditions. The measure- 
ments were conducted over a full polarization matrix (i.e., HH, VV, HV, VH). The measurement radar was 
sited on Wachusett Mt., 1000 ft above the surrounding hilly forested terrain. The reservoir was at 4-km range 
and 4° depression angle with respect to the radar. The clutter Doppler spectra of returns from water cells on 
the reservoir surface were considerably different from typical clutter Doppler spectra of returns from sur- 
rounding land cells containing windblown foliage. In particular, the water spectra contained strong Bragg 
resonant components at low (i.e., 3 to 4 Hz) but nonzero-Doppler frequencies. In addition to the dominant 
first-order Bragg component existing at negative Doppler when the water waves were receding from the ra- 
dar (first measurement day) or at positive Doppler when the water waves were approaching the radar (sec- 
ond measurement day), a split component also existed on both measurement days at approximately the 
image frequency of the dominant component (i.e., on both days, components existed at ~ ±fb, where fb is the 
Bragg resonant frequency). The two image components did not exist at exactly mirror image frequencies 
±fb because of surface currents. The exact Doppler frequencies at which the principle and split first-order 
Bragg components occurred were, on the first measurement day, -3.8 and +3.4 Hz; and on the second mea- 
surement day, +4.2 and -3.0 Hz, respectively. 

On the first measurement day, winds were light. Strong, highly developed Bragg resonance existed in 
the VV-polarized backscatter data obtained that day. Sharp narrow first-order Bragg spikes rose 20 to 25 dB 
above adjacent spectral levels in the Doppler spectra of this VV-polarized backscatter. The maximum am- 
plitude of the dominant Bragg spike at -3.8 Hz was 40 to 45 dB stronger than tree clutter at -3.8 Hz in near- 
by spatial cells containing windblown trees and only 10 dB weaker than the peak zero-Doppler tree clutter 
in the same nearby cells. 

On the second measurement day, winds were stronger. Significant Bragg resonance continued to exist 
in the VV-polarized backscatter data obtained that day, but the absolute levels of the Bragg spikes were 
10 dB weaker than on the light-winds day. Still, the dominant Bragg spike at +4.2 Hz on the second day was 
35 dB stronger than tree clutter at +4.2 Hz in nearby cells and only 12 dB weaker than the peak zero-Doppler 
tree clutter in those cells. The zero-Doppler tree clutter return was also reduced under the windier condi- 
tions. 

On both measurement days significant Bragg resonance occurred in the returns at all four combina- 
tions of polarization—HH, VV, HV, and VH. However, the backscatter at HH-polarization was 30 dB or 
more weaker than at VV-polarization, as expected for L-band returns from water surfaces. The cross-polar- 
ized returns (i.e., at HV and VH polarization) were at intermediate levels between the strong VV- and weak 
HH-polarization levels. Bragg resonance persisted throughout the course of measurements on both mea- 
surement days (15 min on the first day, 22 on the second) and for all seven range gates from near- to far-side 
across the reservoir surface. 

Current interest exists in the various types of clutter that can occur over land, including Doppler in- 
terference from occasional spectral artifacts. This report illustrates that inland water cells have quite differ- 
ent L-band clutter Doppler spectra than more commonly occurring windblown foliage cells. Advanced 
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detection technology concerns can focus interest on the expected characteristics of ground clutter at low 
Doppler frequencies. Within this Doppler regime, strong Bragg spikes at VV-polarization from occasional 
inland water cells do not fall within the generally expected statistical variability of windblown foliage cells 
under typically occurring wind conditions. The possibility exists that nonzero-Doppler Bragg spikes in in- 
land water clutter spectra might cause false alarms for detection algorithms focusing on the low Doppler 
regime of ground clutter. 
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